Reactive power provision is a vital ancillary service, which provides opportunities to service market and power generators. The net reactive power in a balanced power grid needs to be zero, and the imbalance occurs due to the capacitive and inductive behavior of the extensive transmission lines, and because of the intermittent behavior of load-demand. This mismanagement in reactive power causes voltage instability, and hence the paper compares the most common reactive power compensation techniques, which are prevalent in both literature and commercial levels. The paper perceives the trade-off between the compared techniques, and realizes to use the aggregation of different techniques to present a coordinated control mechanism that complies with the Italian regulations. The parameters for the proposed aggregation include the amount of reactive power, real power losses during reactive power provision, and response time. The paper then implements IEEE 9 bus transmission-generation system in DIgSILENT to set up the platform for validation of the proposed strategy. Finally, it simulates Transmission System Operator (TSO) test cases on the implemented test system.
Introduction
Wind and solar resources are ponderously integrated in the distribution grid due to the high possibility of incentives, which causes the dynamic changes in the distribution system [1] [2] [3] [4] . System operators do not have direct influence on these changes, as the addition is not fully visible to them with a reduction in hosting capacity [5] , as calculated in [6] . As a result, the power system faces many complexities, like changes in over-current protection schemes due to the facts that are discussed in [7, 8] . The effects on system reliability are discussed in detail in [9, 10] .
System stability, their limitations, and challenges that are associated with penetration of renewable resources are available in [11, 12] . Voltage stability and, in particular, voltage loading, is affected, as in [13] , which used storage system for the voltage management. The concepts of voltage stability, its importance, and implications on power system are inferred from [14] . References [15, 16] discuss the voltage fluctuations and the violations of over voltage and under-voltage limits due to these intermittent renewable resources. These voltage quality issues and their effects are further supported by [17, 18] , with an emphasis on problems for TSO. Amongst all of the issues, voltage deviations at the power system buses are the points of focus in this paper. These voltage deviations are due to the reactive power mismatches at transmission networks and loads. The basic principle of equality in reactive power generation and its consumption is violated, which leads to voltage profiling issues. 
Proposed Coordinated Strategy
Since each technique for reactive power has trade-off in its performance, the section is devoted to propose a coordinated strategy. The strategy should follow the requests of TSO in the best possible way. TSO procures the service of reactive power from conventional generation units for the following reasons:
•
Quick service is required in the case of contingencies and urgencies.
Huge amount is required in the case of huge deviations.
More efficiency is required to justify the better use of resources.
Therefore, TSO requires a strategy that meets the VAR (unit of reactive power) requirements in the best possible way. The strategy initiates with these two points to support the service with low losses, high amounts, and quick restoration:
Use of SG for normal conditions, with the addition of synchronous condensers for high steady state reactive power requirements.
Addition of STATCOMs for more fast provision.
This initialization leads to four different cases: Normal conditions with SG, the use of additional SG only for any reactive power needs, the addition of synchronous condensers for more provision, and the addition of STATCOM for better transient response. Figure 1 explains the initialization of the strategy, with an elaboration of TSO requirements. The arrows with yellow indicate the type of service from power plants, as requested by TSO. In response to these requests, the control center at power plants can take service from red arrow (SG as mandatory provision for low losses), green arrow (Synchronous Condenser for huge amounts), and blue arrow (STATCOM for fast response).
TSO decides for this provision through the flexibility curve generated at their controllers. The plot in Figure 2 characterizes the strategy-curve, which comes from the following aspects:
The use of capacitor banks is eliminated, because reactive power depends on square of voltage, and hence it is not suitable for high and medium voltage applications. • SVC is also eliminated due to the voltage non-linear dependency and the associated high costs for the investment.
Inverters are skipped too due to the very low provision. • Synchronous generators and synchronous condensers are the best in terms of steady state response. • STATCOM performs best for the transient cases.
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Test System Modeling
The test system includes the electrical interface of a power plant, under the supervision of TSO at the Point of Interconnection (POI) with conventional generators and representative transmission network. At the electrical output end of power plant, a step-down transformer is used at POI. The compensation devices are added at the lower voltage end of transformer to comply with their operational ratings. The IEEE 9 bus conceptual system displayed in Figure 4 is used as the reference transmission network, which is used to demonstrate the reactive power mismatches with reference to the demand and transmission lines. The reference IEEE model is studied from [50, 51] , and the DIgSILENT implementation is taken from [52] . Load A is selected as the source of load variations, and line 8-9 as the representative transmission line. Generator 3 is selected as the representative coalfired power plant, where the reactive power compensation devices are installed. The coal-fired power plant generates electrical output, with input mechanical energy as coal. In the context of this paper, the electrical output is the only point of interest, which is assumed to have an operating real power up to 200 MW, reactive power, and voltage value. However, the model is used from the DIgSILENT database, as in [52] . For the ease of analysis, the AVR and the primary frequency control libraries are directly used from [52]. However, secondary frequency control is not used and PSS is used for that purpose. 
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In the context of this paper, the electrical output is the only point of interest, which is assumed to have an operating real power up to 200 MW, reactive power, and voltage value. However, the model is used from the DIgSILENT database, as in [52] . For the ease of analysis, the AVR and the primary frequency control libraries are directly used from [52] . However, secondary frequency control is not used and PSS is used for that purpose.
The DIgSIENT model in [52] used the reference data from [51] ; however, the data set is changed in the context of this paper. The changes, with implementation, are indicated in the proceeding section. The next point is the definition of test cases for TSO services on this platform. Table 2 elaborates on the test cases, which complies with the following TSO actions at POI:
• Increase/decrease in reactive power for fast provision. • Increase/decrease in reactive power for high provision.
• Increase/decrease in reactive power for distant provision. As reactive power is a local ancillary service, and for geographically distant (far) locations, the control has to be changed. Table 2 is used as a look-up for the mismatches at TSO and the reactive power mismatch use cases. The point of variation is the point, which is the source of reactive power mismatch and can both be in incremental and detrimental ways. This effect is explained under "TSO visibility for the variation" from the perspective of TSO. In this paper, an increase in reactive power means the capacitive effect of reactive power and a decrease in reactive power means the inductive effect of reactive power (in principle the generator convention).
Validation of the Proposed Strategy
Following the data-set description, for the system in Figure 4 , in the previous section, the changes are indicated here. The loads at bus 5 can consume up to 100 MVAR, and they can generate up to 100 MVAR too. In other words, the loads are representatives of their inductive reactive power nature, but also include the transmission level co-generators with capacitive effects. This is seen as the equivalent demand change, as represented with this load set. The real power has a rated value of 250 MW. For the Line 8-9, the base values of X and B are assumed 30 Ohms and 300 micro-Siemens. The line can endure the test sets up to 50 Ohms and 450 micro-Siemens to represent variations in reactive power w.r.t inductive (X) and capacitive (B) variations. Generator 3 has a rated real power of 140 MW and a rated reactive power of 50 MVAR.
Four simulation cases are simulated in DIgSILENT, as described in the previous section. The results are elaborated one after another. Table 3 mentions the inputs for all four cases. Table 4 provides line and transformer loading, which verifies that there is no issue of over-loading of lines and transformers. Table 5 provides the node voltages for all the cases in Per-Unit (PU). No additional compensation device is used in the first case. The results in Table 5 clearly reflect over-voltage violations at most of the buses (i.e., bus 2, 3, 7, 8, and 9), with reference to the fact that transmission system operators are bound to ensure upper voltage variations up to 10%. The next case aims to involve synchronous generator as additional compensation device. The results in Table 5 clearly reflect over-voltage violations again at most of the buses (i.e., bus 2, 3, 7, 8, and 9), with reference to the fact that transmission system operators are bound to ensure voltage variations up to +10% and −15%. However, the maximum voltage variation at bus 3 is reduced by around 1.8% by the addition of a synchronous generator. The percentage of over-voltage is reduced at most of the buses, and hence it complies with the "Reactive power provider" mode of synchronous generator. For the minimum voltage, most of the buses get a boost in voltage to increase the margin for under voltage violation, with a maximum margin of 10% at bus 2. However, there is a contradictory effect at two buses 3 and 7, where the minimum voltage is further reduced and this can be alarming for system operators to ensure the under-voltage limits. The worst effect is at bus 3, where the under-voltage violation takes place. However, this issue can be resolved by the use of further compensation (either by SG or by aggregation). In addition, reactive power is better as a local control, and TSO can easily manage the changes at bus 3 (point of compensation). This is later shown in the case with STATCOM.
The further addition of reactive power capacity through conventional power plants can avoid these over-voltage violations; however, this puts a lot of burden and responsibility on these power plants (normally coal and combined-cycle). The next case is used to analyze the same plant with an additional synchronous condenser in order to give flexibility to these power plants. Thus, synchronous generator and synchronous condenser are employed as compensation devices. It is clear from the results in Table 5 that the addition of synchronous condenser overcomes the over-voltage issue at almost all pf the buses, except for bus 3. The problem of under-voltage violation is also overcome at bus 3. The over-voltage violations are reduced up to 14% w.r.t base case, and up to 13% w.r.t SG compensation. At low voltage levels, most of the buses decrease their voltages and pose risk to the under-voltage limits. However, the variation is up to 9% maximum and there still remains around 6% margin for under-voltage limits. The existing issue is the 1.116 PU maximum voltage at bus 3, and the idea is to use flexibility of STATCOM to the bus 3 violations, by operating the STATCOM at POI. The problem can also be resolved by installing a shunt capacitor bank at bus 3. This gives three advantages:
•
There is no need to operate the STATCOM at POI, in order to avoid the operational and maintenance costs.
The capital cost for STACOM installation at POI is very high.
Capacitor bank gives a fast response, and almost linear response when compared to STATCOM.
However, the solution is not feasible in the case of violations at most of the buses, at POI, or the violations are huge in magnitude. Therefore, a trade-off is there in terms of costs and reliability. The next case is to install STATCOM at POI to ensure further flexibility and a better transient response. This involves STATCOM on the top of the previously employed compensation techniques. The graphs reflect the improvements with STATCOM: Figure 5 shows the response before the addition of STATCOM, whereas Figure 6 displays the STATCOM added behavior.
It is clear that the voltage loading at node 3 is improved with the addition of STATCOM. Without the use of STATCOM, the voltage goes above 1.1 PU for 57% of time that is the violation of over-voltage limits. The addition of STATCOM eliminates this over-voltage violation for 100% time scale. The static simulations for initial one hour is shown in Figure 7 in order to better visualize the effects of STATCOM on node 3 voltage, where the voltage shifting is clearly visible. The next step is to test the transient behavior of voltage at buses for the achieved setup, with introducing another load at bus 5 with the similar characteristics of previous load. The changes to reactive power are compared with two cases: (1) With the use of additional SG and SC, (2) With the use of additional SG, SC, and STATCOM. The time to reach voltage limits, after the over-voltage violation, is noted for each bus; the results are plotted in Figure 8 . From the figure, it is clear that STATCOM improves the transient performance, which is effective for a faster response to TSO requests.
The results demonstrate that reactive power is essential for voltage stability, and the coordinated mechanism for the use of STATCOM, synchronous generators, and synchronous condensers is validated. The applications depend on the specific TSO applications for a specific region. Applications may involve a typical current solution with a trade-off amongst reactive power provision and capital/operating costs. It may be the least cost-effective option, but with high availability. Another one can be the low-cost solution, but with reduced applicability to the power plants. The reason is the insufficient amount for participation in the ancillary service market. The application may cover potential future solution with the best possible reactive power reserves. 
Conclusions
The paper presents a coordinated strategy that can utilize the aggregation of different reactive power compensation techniques to fulfill the TSO demands in the best possible way. The strategy is developed according to Italian TSO requirements, and the paper validates the strategy, with the implementation of IEEE based transmission model in DIgSILENT, on TSO test cases.
The proposed strategy in the paper is designed for conventional power plants, as the Italian regulatory barriers do not allow for distributed energy resources, DSO, and inter-aggregated zones to contribute towards the provision of ancillary services. Moreover, Italian TSOs do not remunerate 
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